Optimal control theory has been employed to populate separately two dark states of the acetylene polyad Ns = 1, Nr = 5 by indirect coupling via the ground state. Relevant level energies and transition dipole moments are extracted from the experimental literature. The optimal pulses are rather simple. The evolution of the populations is shown for the duration of the control process and also for the field free-evolution that follows the control.
Introduction
Since the development of the optimal control theory and its success in many experimental applications even in complex systems [1] , there have been many theoretical attempts either to deduce control mechanisms [2] or to suggest new experimental investigations. However to be realistic, theoretical simulations require a very precise molecular Hamiltonian and efficient wave packet propagation methods so that such simulations usually concern atoms and small molecules [3] [4] [5] [6] or control in reduced dimensionality [7, 8] . Control in a real environment still remains a challenging topic.
Up to now, this type of investigation was rarely applied to realistic vibrational case studies in full dimensionality. In the present work, we ! $! focus on acetylene ( 12 C2H2), taking advantage of the existence in the literature of a global Hamiltonian describing its vibrational and rotational energy levels within experimental precision, up to the near-infrared spectral range [9, 10] . The transition dipole moments, which are essential for the optimal control, have also been extracted from the experimental data. This global Hamiltonian is based on the use of polyads [11] [12] [13] gathering interacting zero-order vibrational wavefunctions into Hamiltonian matrices. The polyads are defined using the Ns and Nr pseudo quantum numbers, with Ns = v1+v2+v3 and Nr = 5v1+3v2+5v3+v4+v5.
The quantum numbers vi provide the excitation level of vibrational normal modes with i = 1 (symmetric CH stretching), 2 (symmetric CC stretch), 3 (asymmetric CH stretch), 4 (twofold degenerate trans-bend) and 5 (twofold degenerate cis-bend). This polyad Hamiltonian has already been applied both to thermodynamics [14] and dynamics [15, 16] . The present test investigation deals with the polyad with Ns = 1 and Nr = 5, containing a minimal set of vibrational energy states to exhibit non-trivial dynamical behavior.
Our aim is to increase the population of a dark state, which would otherwise remain weakly populated, so that it could be probed experimentally, for example by time-resolved spectroscopy. Therefore, an optical pulse could be designed to maximize the population of that dark state starting from the groundstate (GS) with a very high performance index at the end of the pulse. However, as a dark state is a nonstationary ! %! state, it is a convenient target for optimal control only when its average population remains very high during the field free coherent evolution after the control pulse.
The paper is organized as follows. The polyad Hamiltonian matrix is detailed in section 2. Section 3 presents the target states for the optimal control in the eigenstate basis set. The optimal control method is explained in the section 4. Section 5 shows the result of this work and the conclusion is presented in section 6.
Global acetylene Hamiltonian
Extensive investigations of the 12 C2H2 vibration-rotation spectrum under high-resolution spectroscopic conditions have led to the construction of a spectroscopic Hamiltonian. The version selected here [9] reproduces all 15,562 data published at the time within three times their experimental measurement precision. This precision was typically between 10 -4 and 10 -3 cm -1 . Vibrational states up to 8600 cm -1 were considered in this investigation, based on a polyad perspective. For completeness, one should point out that more recent versions of the global Hamiltonian were since published [10, 15] , accounting for more data and interactions and over a broader energy range, however not affecting the present results on a low 
The three vibrational states in this polyad, 
A second order interaction included in the global Hamiltonian has selection rules similar to 3/245 except that "k = ±2. The b interaction term in Eq. (1) is thus 
The latter two interaction terms, b and c, are strongly J-dependent, increasing roughly as J 2 . Therefore a different Hamiltonian matrix applies for each value of J. Also the interaction terms are parity-dependent in k.
Only even k values (= 0 and 2) are involved in the Hamiltonian matrix considered in Eq.(1).
In order to appreciate the relative size of the various matrix elements, the effective Hamiltonian matrix is detailed in cm -1 in Eq. (5) 
In this preliminary report, we have not addressed rotation beyond selecting an upper rotational level with J value high enough to have the
corresponding polyad displaying significant off-diagonal interaction matrix elements. Actually, addressing feasible experimental transitions, i.e. those fitting "J = ±1 selection rules, would require accounting for the GS starting rotational level. Also some rotational dependence in the transition dipole should be accounted for in future developments. Here, the GS starting rotational level has been imposed to be J = 0, not affecting the present results by any means.
Eigenstates and target states
In order to search for an optimal pulse for moving population into the dark , with a transition dipole moment µ t . This state is called the bright state and the other zeroorder states, for which transitions from the GS are forbidden, are called dark states [11] . Note for the discussion to come that the transitions among zero-order states within the polyad are not allowed because of the electric dipole selection rule (u ! u forbidden). The value of µ t is estimated from the vibrational contribution given in Ref. [19] that has been experimentally determined by high-resolution Fourier transform spectroscopy to be 0.08907 Debye. In the eigenstate basis set, the transition dipole moment matrix D is the following:
Now, the bright character of the bright state 0,0,1,0 0 ,0 0 is distributed among the three eigenstates, so now more than one transition is possible.
However, the transitions between eigenstates are still not allowed.
In order to test the control of the population within the Ns = 1, Nr = 5 polyad, we chose to populate the two dark states of the polyad, 0,1,0,1 1 ,1 and 0,1,0,1 1 ,1 !1 , after a time T. These states are the different target states for the optimal control process. In the eigenstate basis set, the two target states denoted ! + and ! " correspond to the following linear combination of the eigenstates, respectively:
Since the control begins with the whole GS population, i.e., the initial state of the control, !(0) , there are two optimal processes. Each of them corresponds to the total transfer of the population to one of the zero-order dark states of the polyad. These targets are obviously non-stationary states and will give rise to an oscillatory behavior. This oscillatory behavior could be destroyed by the coupling with external states such as states from other polyads that act as dissipative bath. Hovewer, in the polyad model, the coupling between polyads is by definition very weak at this range of energy [20, 10, 21] and was not included in the simulation.
So if the Rabi oscillation amplitude is weak, the population in the dark state can remain sufficiently high to allow for an experimental probe.
! ""! Optimal control theory [22] is used to search for the optimal laser pulse that corresponds to this transfer of population. We consider a linearly polarized field so the Hamiltonian for the control is given by
where H 0 is the diagonal matrix containing the GS and the three eigenstates of the polyad and D is the transition dipole moment matrix in the direction of the field !(t) (see Eq.7). This field is obtained by maximizing a functional F built on an objective and constraints. Here, the objective I is the probability of reaching the target at the final time when the system is driven by the optimal field. I is thus the square modulus of the overlap between the final state superposition of the optimal process !(T ) and the target state superposition ! ,!
Even so, the transition between the initial state !(0) and the final state !(T ) is known up to a phase factor [22] . The objective is furthermore defined as the performance index of the optimal process and gives the accuracy of the optimal field. Here, we take into account two constraints (C1, C2), one limits the total integrated intensity of the electric field,
! "#!
Here !(t) = ! 0 sin 2 ("t / T ) where ! 0 is a parameter that controls the strength of the constraint and the sine function forces the field to switch smoothly on and off [23] . The other constraint ensures that the Schrödinger's equation is always satisfied during the entire process [24] ,
where !(t) is the Lagrange multiplier for the Schrödinger's equation
constraint. The functional F is the sum of the three previous terms,
Note that other experimental constraints could be added, for example a limited spectral range [25] or a zero integrated area of the pulse [5] . This 
The three coupled evolution equations are solved by the Rabitz monotonous convergent iterative algorithm [24] with small time steps dt.
After each iteration i, the field is obtained by
given by Eq. (13) for each iteration. Note that the algorithm begins with an initial guess field. Here, we choose a very simple field with sine square envelopes,
where A and ! are respectively the amplitude and the width parameter of each sub-field and ! i are the transition frequencies associated to the transitions between the GS and the eigenstates of the polyad. Since each sub-field has the same duration, the duration of the field is equal to .
Note that in the present case, also equals the duration T of the optimal process.
Results
The guess field includes three sub-fields, one for each transition from the GS to one of the eigenstates. Following Eq. (14) and including the duration of the optimal process T, the field is now given by Three parameters were varied in order to rapidly maximize the performance index I. The first parameter is the duration of the fields, T.
In practice, we have chosen T and then a time step in order to have a good temporal sampling. T needs to be above the Heisenberg limit required in order to resolve the three states of the polyads. This limit given by Runge-Kutta method [28, 29] in the interaction representation.
The optimal fields ! + and ! ! corresponding respectively to the target states ! + and ! ! are shown in Figure 1 . The maximal amplitude of the two optimal fields remains close to the amplitude of their guess fields: 8.40 ! 
, peak ! 3 is very much larger than peaks ! 1 and! 2 , while for the field ! ! , peak ! 3 is still the largest but the ratio is less dramatic. This can be explained by large overlap of the target state ! + to the mostly dark eigenstate ! 3 (see Eq. (8)). Consequently, this state is less easily reachable and the control pulse needs more intensity to populate it. For the field associated to this target state (Fig. 2 (a) ), there are also two small peaks at 4391 and 4397 cm -1 just before and after the third peak. These peaks do not correspond to any transitions in the basis states. We have tried to remove these contributions from the optimal pulse but when we reoptimized the new pulse, the two peaks reappeared. So the initial optimal pulse, which includes these two small shoulder peaks, was kept. These side peaks correspond to the frequency shift from 4394.55 cm -1 to 4391 and 4397 cm -1 that occurs at the end of the control pulse (Figure 3 ). Gabor Transforms (GT) [30] were computed for the two fields, and the one for the ! + reveals interesting temporal features ( figure 3) . To obtain the graph, the pulse has been split in three time windows and the chosen time window is an exact Blackman window [31] . As shown in Figure 3 , the peak for ! 3 is present from the beginning to the end of the control pulse, but the peaks for ! 2 and ! 1 are respectively only present in the middle and at the end of the pulse. As in Figure 2 , the peak for ! 3 is more intense than the others.
! "*! It is instructive to look at the time-evolution of the populations of the eigenstates during the control pulses. The target populations of the eigenstates calculated from Eq.8 are shown in Table 1 . 
Conclusions
An optimal control calculation has been employed to populate two dark states of the acetylene polyad Ns = 1, Nr = 5. The dark state 0,1,0,1 1 ,1 1 is a potential target for experimental investigations because the average population is predicted to remain high during an extended period of fieldfree evolution after the control pulse. This assumes that the coupling to other polyads is weak enough to maintain the coherence created by the optimal control pulse. The derived quantum control pulses are rather simple suggesting that experimental implementation would be feasible.
This work opens the way to higher polyads where pulses could populate pure bending (Ns = 0) dark states. Such states are believed to be involved in the isomerization of acetylene to vinylidene [32] .
To build on the present work, the next step would be to use the complete vibrational basis set for the polyad, including states coupled by Coriolis and rotational l-resonances, which will impact the efficiency of the optimal control field. Polyads that have similar total energies and also states accessed by hot band transitions [33] may also be considered.
! #&!
Since these polyads are well isolated from other polyads, they could be employed for quantum computation. Following the pioneering work of Tesch et al., optimal pulses can be designed to serve as logical gates [34] , and quantum beats may be used for the readout process [35] .
